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T  H  L  3  I  S 

Object:-  The  object  of  this  thesis  is  a  determination 
of  the  ii'on  losses  in  a  transformer  for  various  repre- 
sentative wave  shapes  of  applied  ii^.ivl.F. 

The  followint^  is  a  bibliography  of  the  leadinp;  ar- 
tides  on  the  subjoct:- 

(1)  ii^lectrical  Review, New  York.   April  26,1?99. 

The  i^ffcct  of  Alternating  Current  Wave  Forns  on 
Transformer  Losses. 

Lousis  Duncan, Fred  B.Keidel,V.  illiam  L.Kodges,and 
Edmund  Frank. 

(2)  Elektrolechnische  Zeitschrift,  July  1-^,1907. 
Effect  of  E.U.F.V.ave  Form  on  Hysteresis. 

Vi.hlwell  C-oldsborough. 

(3)  Engineering  News,   June  1,1S99. 
Transformer  Tests. 

Carl  Fred  Kolmboe. 

(4)  i^lektrolechnische  Zeitschrift,   Jan.  17,1901. 

Die   Abh&ngigkeit  der  Eisenverluste  von  der  Ilurven- 
f  orm. 

Dr.Gustav  Benischke. 
(?)  x^lectrician,   lAay  15-22,1896. 

i:,xperiaental  Tests  On  The  Influence  Of  The  Ghape 
Of  The  Applied  Potential  Difference  ;.ave  On  The  Iron 
Losses  Of  Transformers. 

Stanley  Seeton, C. Percy  Taylor, and  J. ..'.ark  Earr. 
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(2) 

(6)  L-lectrician,   August  27,1897. 

Iron  Locscc  in  Transformers  And  The  Kirher  Harmonics 
in  The  Potential  Cifferencs  .,ave. 
William  Be eke t  Burnie. 

(7)  Bulletin  of  The  Bureau  of  Standards,  Vol, 4, page  4  7''. 
effect  of  Wave  Form  Upon  The  Iron  Losses  in  Trans- 
formers. 

ivxorton  G.Lloyd,  Assistant  Physicist. 

In  some  of  the  above  mentioned  articles  the  authors 
have  secured  the  separation  of  the  Iron  Losses  by  a 
Change  of  frequency.  In  others  the  resulting  hysteresis 
and  eddy  current  losses  are  merely  notea,no  nention  be- 
ing made  of  the  method  used  in  separation. 

The  method  and  theory  followed  in  this  thesis  are 
both  basea  on  fundamental  principles  at  once  simple  and 
direct, leaving  thcx-eby  a  minimum  source  of  error. 

The  different  wave  shapes  were  obtained  by  combining 
v/aves  from  three  machines  of  different  frequencies.  These 
wei-e  in  the  ratio  of  1  :  2  :  ?, giving  the  first, second, 
and  third  harmonics.  Photographs  v/ere  taken  of  these 
waves  by  means  of  the  oscillograph. 

The  separation  of  Hysteresis  and  Lddy  Current  Losses 
was  obtained  in  the  following  simple  manner.  The  lov/  ten- 
sion winding  on  the  transformer  consisted  of  four  110 
volt  coils.  Tv;o  in  series.  w«*re  therefore  used  as  the  low 
tension  winding, while  the  other  two, symmetrically  located 
onthe  core  of  the  transformer, were  used  as  test  coils. 


■1  J.      ■.■    (■.... 


An  oscillogram  of   the   wave   from   the   coil    of    the  hi£-hest 
effective   value, as   read  on  a   voltmeter, was    taken.    Having; 
found   the   equation  of   this   wove    the   equation   of    the   flux 
wave  v/as   obtained  by   direct    integration, according  to   the 
fundamental   lav;. 


10 


e^=-k--~  , where  k  stands  for  --S^-, 


This  curve  when  plotted  with  the  current  v;ave  of  exci- 
tation will  then  give  points  for  the  determination  of 
the  Hysteresis  Loop,  Thus  the  hysteresis  loss  may  be  ob- 
tained.  The  i.ddy  Current  Loss  is  then  the  difi'erence 
between  the  Total  V^atts  as  measured  on  the  wattmeter  and 
the  Hysteresis  Loss  as  found. 

DL3CRIPTI0N  OF  AP? ARIiWS , 
The  following  layout  vms   planned  for  (a)  accuracy 
(within  instrumental  errors)  (b)  convenience  of  operation 
and  (c)  flexibility. 

Pov/er  was  obtained  from  four  alternators,  "^-60  cycle 
and  1-75  cycle  connected  through  shafting  and  intermed- 
iate gear  wheels  to  the  same  driving  unit;  thus  meirtain- 
ing  constant  any  desired  phase  displacement.  Due  to  lim- 
ited number  of  coils  on  the  transformer, it  was  deemed 
expedient  to  use  2-110  volt  coils  in  series  for  the  220 
volt  side, leaving  2-110  volt  coils, symmetrically  placed 
to  be  used  as  teiit  coils.  Hence  it  became  necessary  to 
arrange  the  alternators  so  as  to  obtain  220  volts  from 
110  volt-oO  cycle  machines, at  25  cycles.  The  deltas  of 
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(4) 
two  of  the  60  cycle  machines  wore  opened  and  connected 
in  series, and  175  volts  D.C.  from  a  ?  t\.Vr.  r;enerator  set 
used  as  the  exciting  voltage, instead  of  110  volts  for 
which  they  were  designed.  These  two  alternators  had  their 
shafts  coupled  together.  To  this  combination  was  connect- 
ed mechanically  1-30  c^cle  ?-phase  alternator  wftth  its 
delta  open  and  connected  in  series, and  1-75  cycle  7-^ 
phase  converter  through  a  1-2  and  a  1-3  gear  ratio  re- 
spectively; thus  giving  three  independent  f  reqi^encirs , 
25-50-75  Cycles.  One  phase  only  of  the  76  cycle  converter 
was  used,   Allwerw  now  so  wired  that  their  armatures 
could  all  be  connected  in  series  or  one  with  any  other, 
thus  admitting  of  four  freouencj  combinations.  By  shift- 
ing the  point  of  contact  of  the  gear  v/heels  v;ith  each 
other, different  phase  relations  were  obtained. 

METHOD  OF  PROCi.t,DURh. 
No  load  readings  were  taken  with  supply  voltage  220 
at  the  transformer  and  a  constant  frequency  of  2^5  cycles. 
Oscillograms  of  no  load  voltage  and  current , together 
with  an  oscillogram  of  test  coil  showing  a  Tnaximum  read- 
ing,was  obtained.   On  an  increase  of  load  the  voltage 
was  maintained  constant  by  increasing  the  excitation  of 
the  alternator  fields.   In  tho  case  of  two  or  more  alter- 
nators in  series  the  voltage  of  each  at  no   load  was  ob- 
tained and  a  constant  ratio  maintained  between  alterna- 
tor voltages  as  the  lo^d  increased  maintaining  220  at 
the  transformer.   This  precaution  was  necessary  in  or- 
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der  to  maintain  as  near  as  possible  the  ccrne  shape  of 
^,i...P.wave  form  from  zero  load  to  full  load. 

To  avoid  the  error  due  to  hi^^her  harmonics  affecting 
the  reading  on  the  frequency  meter, a  commutator  '.vas  placed 
on  the  shaft  of  the  driving  unit  and  the  frequency  meter 
connected  in  series  with  series  latr.p  rack  through  it  to 
110  volt  direct  current  mains, 

CALCULATION  OF  RESULTS. 
derivation  of  form.ula  for  strength  of"H"at  centre 
of  coil. 

Let  m  =  unit  pole  at  the  centre  of  the  coil. 
r  =  distance  of  an  increment  dl  from  the 

centre  of  the  coil, 
b  =  1/2  the  mean  length  of  the  coil. 
a  =  1/2  the  mean  v/idth  of  the  coil. 
Then  force  of  unit  pole  at  the  centre, at  a  -V.n- 

tance  r  from  the  centre  is 

f. m^_ 

r*^ 
The  total  force  everted  by  m  on  the  side  R3  is 

r=  Vf  "'+b' 
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Following  a  similnr  line  of  reasanin/^  we  obtain 
for  side  GI, 


i-^VT+t 


r-b 


The  total  force  on  the  entire  coil  of  one  turn 
and  carrying  one  ampere  is  then, 


~      ^ 

P      -      „      4tt, 

- 

^1              ^Tl 

ycr  +  b^ 

Juo             F^=  Km 

Ihereforc 

H  =  -^-   =  -  4 

m 

_\/a-  +  b- 

b      a 

Substituting  now  the  values  of "a"and"b"?n'J  mul- 
ti|)lying  oy  the  number  of  turns  "n", 

n  =  192,    a  =  9. 5cm.,   b  -  15.7cn., 
K  -  4. SI 5  gausses. 


C/JLI3RATI0N  OF  OSCILLOGRAMS. 
The  Oscillograms  v/ere  copied  by  means  of  c.  panto- 
graph onto  coordinate  paper.   The  square  root  of  the 
mean  square  was  taken  :;f  rro;j:  40  -  GO  ordinates  vary- 
ing with  the  nature  of  the  curve, at  intervals  of  dx 

equal  to  from to  -■ .    This  then  gave  one  unit 

40      30 
on  the  i-axis  equal  to, 

jiiffectlve  Value  by  Voltmeter   volts. 
Square  Root  i>lean  Square 


"Ir 
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or,   I^ffective  Value  by  Ammeter     amperes, 
Square  Root  ..'ean  Square 
according  to  the  curve. 


DLTi:Ri-IINAXION  OP  ZQUAIxON^  OF  CURVrS . 
It  was  found  upon  trial  that  a  strictly  mathemati- 
cal analysis  of  the  curve  vip.s    the  quickest  method.  The 
following  general  form  of  curve  v;c,s  selected,  it  beinp 
the  easiest  to  inte£;rate  for  the  equation  of  the  flux 
curve. 


or  =  At  sine  +  Ac  sinCe-t-^v,  sinCe  +  ivSin4e  +  A^sin?6 

e 

+  i^:^sin  ne-HBjcos   6   +   B^cosSe  +  Er;Cos''e  +  B^cos4e 


+  Bj^cos   ne  . 


The  constants  ^i,  B,  ,  were  found  by  eval- 
uating the  following  definite  integrals, 


e   sin  n9  d© 
o 

=  2  X  avg.(  e  sin  ne  ) 


"n  ^  '^'I. 


0 

B  =  ---  /   c  cos  ne  de 
"    T(    Jo 

=  2  X  av;r.(  e  cos  n9  ) 

^  0 

To  facilitate  the  evaluating,  of  the  above  integrals 
the  curves  were  all  made  of  a  standard  length, from  zero 
to  zero  value  on  the  time  axis  end  this  axis  divid^^d  in- 
to 40  parts, instantaneous  values  of  e  or  i  being  taken 
at  each  division. 
a   See  Steinraetz, Alternating-Current  Phenomena  (pg.5o.^). 
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This  made  necessary  only  one  set  of  vcIuol;  of  a  in  n.e 

and  cos  n©  where  6  varies  from  o  -  n'  for  orch  set  of 

indices"n".   Values  of"n"were  l-2-'^-4-5-G. 

Let  A  =  value  thus  obtained, 
n 

s   =  ratio  of  enlargeiriGnt  from  Curve  of 

CalibrF.tion  t.o  Curve  of  "■:quation. 

y   "  volts  or  amperoj  par  division  of 

Jal '.oration  Curvo. 

The  ph^jlccl   loF.^th   01'  1  divioionj    for  bot";   cu./v: 

1j    tio    safm. 

z   =  volts  or  amperes  per  Y  division  of 

curve  of  equation. 

Then 

Y_ 


Therefore  a     of  the  final  equation  of  £.!;.. F.  curve 
n 

Y 


In  the  determination  of  the  equation  of  curves  hav- 
ing a  prominent  second  harmonic  (  Runs'H  and  f^F  )  the 
determination  had  to  be  made  for  both  positive  and  nep;- 
ative  lobes, since  the  irequency  of  both  was  different, 
each  lobe  however, representing   radians. 

DETLRivilNATlON  OF   EqUATIONS  OP  FLUX  CURVES. 

Let  e  =  ri  sin  e+A„sin  29  +  A„sin  30   +  A  sin  n6 

1        2         1^  n 

tB^cos  9+BpCos  2e  +  B^cos  3e   +B  cos  ne. 

be  the  equatio?!  of  the  n.i.. .P.  wave  from  the  tost  coil 
for  the  no  load  condition  of  the  transformer  for  the 


■       -"L  . 


nx 
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Run  ixnder  consideration. 

Then  the  eouation  of  the  flux  curve  is 


^=J( 


A  sin  e-i-AgSin  20+  A ^s in   '^a tA^sin  nB 

i-B|  ed)B  0  +  BgCos   20+63005   30 +Bf,cos   n0    )    de . 

5^   =  _  ^  cos   0    -   -^cos  20-  — ^cos    30 — cos   n0 

^23  n 

B^                    B  B 

tB^sin  0  +    -^sin  20+  -2sin   -^0 +    -as in  n0  +  C 

^        2         ?  n 

The  constant  of  inte2ration"C" .operates  to  raise 
or  lov;er  each  ordinate  of  the  curve  by  the  same  amount. 
The  Flux  Curve  repeats  itself  for  odd  harmonics  every 
half  cycle, and  for  both  odd  and  even, every  cycle. 
Therefore  the  constant"C"is  of  such  a  value  that  will 
cause  the  positive  and  negative  values  to  assume  the 
same  numerical  value, at"o"and"---" .    For  the  flux  equa- 
tion for  K, 1,1. F.  containing  a  prominent  second  harmonic, 
the  equation  of  each  lobe  was  obtained  separately. 
Hence  a  constant  of  integration  for  each  lobe  such  that 
it  will  fulfill  the  last  named  condition  is  necessary. 

DETERitalNATION  OF  HYSTZRESIS  LOOP. 
The  Hysteresis  loop  is  nothing  more  than  a  curve 
expressing  the  relation  between  the  flux  and  the  cur- 
rent,at  each  instant  during  an  entire  cycle.  Therefore 
the  flux  curve  plotted  in  conjunction  with  the  current 
curve  of  excitation  will  give  this  relation.  The  E.l:.F. 
due  to  eddy  currents  is  so  small  that  it  may  be  neglected, 
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(10) 
EVALUATION  OF  HYSTERESIS  LOOP. 
Let  a  =  gausses  per  inch  on  "R". 

o  ~   lines  per  sq.inch  per  inch  on  "B". 

w  =  watts  per  cycle. 

V  =  volume  iron  in  cubic  inches. 

A  =  area  of  loop  in  square  inches, 

abVA 

w  = — 

4  10 
f  =  Cycles  per  second, 

abV/if 

V,  = r7-V,fattS. 


4  10 

In  the  curves  plotted:- 

One  ampere  equals  2  cm. 

Hence   One  ampere  is  equivalent  to  4.615  gausses 

Therefore, 

One  inch  is  equivalent  to 

a  =  -- —  X  4.615  gausses. 
2 

=  5.86  gausses. 
Also,    Two  cm.  are  equivalent  to  10,000  lines. 
Therefore, 

One  inch  is  equivalent  to 

2  54 
b  =  -1 —  X  10,000  lines. 

=  12,700  lines. 

From  data  obtained  from  the  makers  of  the  transformer, 

194  pounds  of  iron  were  used  in  the  core  of  a  density 

.277  pounds  per  cubic  inch. 

'■i   Franklin  &  Esty, Elements  of  Electrical  Engineering 

Direct  Currents  page  378. 
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|£ALjII1<.     IjUnBER 


Test  Coil  " 


huMi-E.-.  El  n.F  Curve 


InOuiCEO   VoLTAQE 


0  1103     I      110. f    I     lOS.t,        I03<3         I  090        I069 


Test  Coil "2 


IriDucEo  Voltage: 


CoRaECTCD  Value 


il2  I       I     1119     I     I  HO  1103      I     /lO.^   I     I  03  t>  I    I  09  9  I     I  09.0    I    /  o«.9 


»,.o    I    III  9    I    'i;o  i(0.'+        Mofe  I     I/O./    I    (lo.c    I    io».z    I    io9.-» 


/<I.O  /I0.-4-  110    b     \       II  O 


(o?^        IO».-t 


HuMaE.*    E.nr  Curve 


5UPPLY 


Voltage 

2Z0 

ZZO 

zao 

ZZo 

ZZO 

ZZO 

2^o 

ZZo 

£20 

Corrected  Value 

220 

zao 

K7.0 

Z-LO 

ZZO 

ZZO 

ZtLO 

ZZO 

Z^-' 

nuM6£R    E.Pl.FCofivE 

13. 

CuRHcriT 


A.'^  6.<b\        IO.A-z\    13.33^  \     /6.3J-      la.t  22  4         Z4.7 


CoBBtCTED  VaUOE 


.»  ^.37        <S.8o        /o,2o     /3Ji       '6'o       (9.33     ^z.l^     Z'*'* 


ho.  CuRREhr  Curve 


Watts-  Imput 


Ijo         960        /^+o      2330      3o+o     3fe2o     -f62oK>"2ooK5»76o 


CoRRecTtD  Value 

Go. 

2)00 

/^92 

ZZSo 

3ooo 

3  0  6o 

^S-i-O 

SoCo 

J-60  0 

Load 

VoLTAte 

mo. 

MIO. 

UOO. 

II  03. 

•  091. 

<0*9. 

1  08&. 

\01S. 

1  OTO 

Corrected  Value 

IIIO 

Ill  0 

Moo 

It  03. 

1  aoi. 

1089 

/  0g6 

tots 

;  -■  "  V 

CuR^eiT 

O 

.s^^ 

l.Z'* 

/.<3fe 

Z  sz 

3  13 

3.T8 

-».T15 

■^.UlS 

CoRRECTEO  Value 

o 

.Sl3 

I.Zif 

l.9(. 

z.sz 

3.13 

3.T« 

A  ZS 

-J-..7J 

Vv/atts  -  Load 

o 

&  3o 

/?Si 

R9 

Zl  (>c 

3  3  3c 

+  /40 

-*5Jt 

S  O^V 

CoRRtCTCD   Value 

o 

63o 

1  3S^ 

Zloo 

Zl-i-g 

33oo 

•4-/  OO 

-=-^2  0 

S  on  o 

PeRCErfT     ErPiClErtcY 

o 

70. o 

9/.0 

9i.l 

9/7 

9Z(i 

90.? 

90.3 

8  9-5- 

"          Reguuatiom 

o 

o 

.9/ 

.6'J- 

l.l-f- 

I.<d3 

Z.Z\ 

3.24 

3.T»- 

Hysteresis    Loas 


EOOM     CuRWEfiT    Ld3* 


tatMnvra 


) 

A. 

\ 

H33H3 

C 
L           0 
\         P 

\        "t 

\        J 

\       3 

\      U 

\     ^ 

\  ^ 

M 

\ 

< 

■      >- 

i     i:« 

\o 

\0 

UJ 

i 

\ 

1 

1^ 

w  §  2 

1 

- 

o\ 

(5 

0 

rt 

' 

O        (fl       Q 

lA            Q 

; 

Hi 

Q. 

^    C    <    * 

J    o    r 

o     \ 

•?      Z                Q 

N      -^     _,     U 

1    §    = 

r    "J 

O    CO     « 

i  o  ^ 

CM      <^                5 

°s     P     1? 

-J           If)           lU 

r  ^  55 

1      1-      OC 

'^  2       £ 

0     (0     < 

-J    or   r 

i* 

E          ar 
«i    la         u 
fti   1-         a. 

c 

i 

'0. 

i 

o 

\ 

1 

•\ 

& 

1              \ 

I               O                 Q 

i 

\ 

1  1 

n 

\                         1 

\           , 

1 

. 

! 

>v                      "' 

2 

j 

^V^ 

^ 

II 

! 

ABMOtra 


4. 

<T  CURVES 

> 

iO  Unesy'soin. 

IfERES. 


Egu>*TiOM     Fuux    Curve. 

jo-f  i 

3O-4  50  [coaa  +.216  COS  Zfl    -00  57c03  3e    -J.06SC0S4  8    -  ,519  COS  5'fl 

-.'^46  cos6d  - /.I9?.  Si>Tfl-h.oZo7!sin  2,6-.2.5f  Sin  3a  i-.joasin^* 
•|t.0//»  S.'n«6    +,oiae  slntftf   i-/,26] 

/623or-CoSe    +.ZI6  cosae  -7  2/03536  -  jo|/-+COa4fl  -.02,-*4  coa  56 

-.d3-i2i  co^  66   +  .60  8  sin  fl +.29  Sin  26  +./99srn36  h.oTSsjn^* 
-.OOI  &  Sin  i"6  +.t)^-H  S'in£>6-4.(>SS] 


AKKOtra 


COS  2fl  -ooJ/coaae  -!o6J  costs  -.Jiq  cos  5") 
,,, its  - /.I94s(na -11.0101  sltvaa-.ZJf  sin  3«  i-.'Oi 

■|t.o/ia sin*a  +.oiz9siii««  ti.tG'j 

!-^  -  ir 
ii>  =  /6  2  30  f  -  tos  e  +.zi6ajaa6  -  jz/cos3e  -  jolKcos4e  -.oa-++  coa5« 


i  -.001  2  sin  J"«  +.i)i-M  Sin6aj-'»>9i"J 


( 


First, Second  and  Third  Harmonic 


36. 


Rum    t^o    S 

FIRST -SECOnO  AMD   THIRD 
MARtlOtllCS    SUPPLIED 

EXCiTmii  Enr  amd  curremt 


(n,)  effective  em  f  220  votTs 


€<fuATions   OF   Curves. 


CURRtLtiT- 


A,  = 

+  41,000 

>*a 

A^  = 

■t    i.no 

A* 

B,  = 

r  is(,.ooo 

B. 

B,  = 

t    26.600 

B, 

8,= 

-    /  i.oto 

83 

B*  = 

-  33.800 

B, 

B^  = 

-   Z9.920 

B^ 

B.  = 

-  21.320 

B* 

Aj   :i  ^^,£77 

A,";  -  .XZi 

A,   =  -   ./47 

A,  =  t  .222 
A^  =  f  ./0  8 

B,  =  f  .«»o 
B,    r  -   .053 


B»   :     -  ./3* 


A,    =  '.IS*- 

A,  :  t  ,068 

A,  :  +  .;/3 

A^  :  +.o'8 


a,  =  -f./oT 

B,  =  y^./o/ 

B,  =  -.obo 

B.,  =  -.06^ 


A.^armi). 


AHKOVa 


ED 


RUN  i'5. 

No  Load  Condition  Of  Flux, 

i:. ?.  lest  Coil  '^". 


AJMWOOH 


UK 


CD 


•     Run     lib    5 
CURVE  OF  moucco  E.n.F  in 

TEST  COIL  MO  2 


tqoATion   OF  Curve. 


\  =  t  -24.3  + 

A,  r  +  47.Z0 
f^^  -  -  3.10 
As  =  -  1.31 
A^  -  -  t-.Ol 
Q.  r  +40.60 

B,  =  -  Z&.Ut 
B,  =  -»  /.36 
B.,  =  -  .4.20 


A,  =  -    9SO 

A,  =  +  '3.8  a 

A,  =  -  Z7.90 
/^,  =  +  7.6/ 
A^  =  -  I  t% 
A^  =  t     2.03 

B,  =  -  3-J.90 


Ei.     r   -    jL-*.O0 
8^    =  +        .4-8 


ASMOtrs 


Run    riUMBtR    5 

hAP^nonics  SoPPLitD                                                                   runuAntriTAi.  FReouEncY 
Fihsr- Sccono-THiRD                                                      25    Cyci.es  Pe«  Secomd 

RtAuiriG    fiui-n;.efT                1 

9BBIBBBHDOD 

Test  Coil**!  | 

InOUCED  VouTACE 

n  i..o 

lll.^        1  1  I.C 

?       no. (3    J  /  ".3      /  ;o.o 

/O9.0      <03.»          /Og.i 

CohRECted  Value 

II  £.0 

IM    t,         1  1  1    ii        J  1  .0    c      H  J  3         MO.  - 

(oe.o    /09.8     ic^.i- 

Mji    Bi-R    E  n  r  Curve 

•    Test  Coil*c 

|riDUCE.O  VoLTACe 

|i  2.0 

lli-i/        ("0            flO.t       ilO-i         //O.O 

<0  9-3    1/0.0     ;oe.-2 

CoRiiECTED  Value 

M  il.o 

li;    £        /I  l.o         //0.6       i  '  ».3         HO.o 

OS'J*..-!       ii  0.0       io9,i^ 

huroBE-R  E.Ii.f^  W/ll^E. 

1  8 

Supply 

Voltage 

22.0 

^^c 

^      <          ^ZO        2,2.0           2.eo 

SiO         2io          ZZo 

CoiTRtcTKD   Value. 

Z^' 

^io 

^20         *i-2.o         Z.^o          2.«i.n 

ZJ^o         Zi,o         Li-o 

BDB 

HiHlHI 

CuwREriT 

0.8 

'f.^ 

1.2/             /O.i"? 

/&.??         I6.?0 

fco.3        2,3.;          2.-J.7.- 

CoRREcTEO  Vauie. 

o.  S 

-f.-fj      7./           /ooo 

'i.lO         /6.foO 

Zooo     Z.Z  80     £'9-."9-0 

fio  CoRPEMT  Cu»ve 

n, 

Watts  -   InPiT 

I3i- 

960 

/G60        2300 

2880      31SO 

-f  7  /  0    A'-#-  3  0   .re  8  0 

ConnecTKO  Vauub. 

>5^o 

9oo 

/6^o     ^^6o 

ic^&o      37^'- 

■+60  0     S£.8o     SSZo 

Load 

Voi-T/ii-r 

///  0 

,  /  00. 

/  o  9  g    /  0  9  y 

/090.        lL)g3. 

lo'i-^       .  0  a  -.      1  o7<7. 

Cof  RECTtD  Vai-JE. 

IIIO. 

1 1  o  0 

/o  9  «     1  oe  J" 

IO<dO         lo93. 

1  oi-f       (  ogo       1  mo. 

QoHHf^nj 

0  o 

Si 

i.jo       y.o 

ZAZ          3.^2 

3.9           -fas        -f  6  9 

CoHKf-CTF.D  Vai-UE 

o.o 

.Si 

(.So         /  «  V) 

Z.^Z          3.Z2 

39           -^.3*       ^69 

W/\ns-  Load 

6  -Zo 

/.5-/e>     z/-»o 

Z6Jo     S'^SO 

^e3o      -f-77c     J"/ 3C 

Corrected  \/>«llie 

o 

6>Z.O 

/Joo      2/^.0 

£  CZO     3.^  f  O 

•^iLoo    •^''  ^y   -'  "'  •• 

pERtE-rtT    E-FFlCIEnC, 

o 

e^.o 

92  J       938 

9^  «i       02.5 

9/. 3        »9.  <^      9o.  >? 

••         RtCt-LArioh 

o 

.9/ 

t.o            l-^c 

/.g^       2.^9 

3.3J      27*       3.7'f 

Hysteresis    Loss 

;:  '•' 

e^.3 

Axmnvm 


1^  «* 

■±U3  3ilJ^ 


.03  ^if  COS  eP 


,in5e -.isasinse    t.Sfe^ 


331  cos  fea 

/99  sin  Sd  -.o89   S(n  66  +  .feefj 


tMBKSSmS  oil  TKUltflOlaOWX 


(n) 

Therefore, 

194 
V  = cubic  inches. 

.277 

=  700  cubic  inches. 
Substituting  the  constant  terms  in  the  above  f ormi;!.?, , 
_   5.86  X  12700  X  700  X  25 


4   10 


'h 

=  10.37  A. 


DETL-RMINATION   OP   THi:   RELATION    OF   PORIvI  FACTOR 
OP    IKE   E.iJl.P.WAVE    TO   A  MODIFIED  FORM   OP 
STEINiiETZ   CONSTANT. 

X 

•:\   r   \'   B 
it      ■=. 

Where,    n  =  Kysteretic  Coefficient  of  Iron  Used. 

f  =  Frequency. 

V  =  Volume  of  Iron  cubic  inches  or  cm. 

(cubic  cm.  used). 

B  =  Effective  value  of  the  Flux, lines  per 

square  cm. 

'nV  =  Hysteretic  Loss. 

Solving  for  "x", 

log  .,,^-  C 
X  = 


log  B 

Where,   C  =  a  constant  =  log  (  n  f  V  ) 
~   2.662 


,o'::o  j,& 


\r:  r 


^^r.-n-ir-^    -vr,-::  i    cr 


'';.;  'ffco    ; '■:;    •^rrr,;;.^'.: Jaur 


,  ,  ■I  :;l; 


.'0   'iC    'i:  r'on 


0    rU'iJ.        '■ 


V.  .tc 


,  •■,.'    'X'  ■:;   •  ;■  •  vie. 


J 


(12) 
Solving   the   above   eqiiation, 

RUN  n. 

B  =  4060   Lines  per  square   cm. 

eff. 

W  =   39.5   Watts. 

h 
X      =   1.543 

The  Effective  Value 

The  Form  Factor  equals  

The  Average  Value 
220 
P.F.   = =  1.159 

190 

RUN  42. 

B  „„  =  3980  Lines  per  square  cm. 
eff. 

W    =35.5  Watts. 
h 


F,b\    =  — -—  =  1.350 


X   =1.740 
£20 
163 

RUN  ^3. 


B  ^^  =  2310  Lines  per  square  cm. 


W    =79.8  Watts, 
h 


X   =1.850 
220. ( 

210. S 


„  ^     220.0    .    ,„ 
F.F.  = =  1.043 


RUN  ^^. 


B    =  4440  Lines  per  square  cm. 
eff. 

W,    =  44.  3  V.atts  . 
h 


X   =1.640 

218.  178.8 


„  „     220  X  2 

F.F.  = =  1.110 


>\':. 


•J'r.       -Very.    &/.'j      ^rtivIOG 

.  .:fJ^^..    -:.r7'  =  :. 

"■'.\. .  r  ~    X 

':,.r-u;,;o  'i:.  Joji'^  ra''io'''-i  orfi 


^    ■   ■    ■•"     "=1: 


tJ  ;.    o. 


;^'?.r  ;-■    X 


^u  a    i: 

-'  n 

1 

--^ 

=. 

Vlo^ 

■-■ 

r.j ,( 

'.::    : 

= 

a' 

'/'■ 

.' '  J    •    X 

r. 

X 

■:./.,  r    • 

_.t.. 



- 

. '. .  >i 

.  Oj 


,116 

ri 


.  >) 


X 


AStwotm 


>f3. 


(13) 

RUN  V'P. 


B  ^^  "  32^0  Lines  usr  square  era. 
ell. 

W^    =  21.1  V.att3. 
h 

X   =1.610 

F,F.  ■=  — i§^---t: =  l.0°,0 

258.2   1:^9.0 


DISCUSSION  OP  ^XPtRIi,'i2NTAI;  RESULTS. 

A  wave  of  applisd  i.^.F.  of  large  Form  Factor  may 

either  Jjroducs  a  low  or  a  high  iron  loss.   In  Run  ■'-1 

the  Form  Factor  is  larger  than  that  for  a  sine  .vavs 

(  Form  Factor  of  a  sins  wave  =  1.1105  )  and  a  low  iron 

loss  results.   In  Run  -2  a  still  larger  form  factor  is 

obtained, yet  a  high  iron  loss  results.   A  large  form 

factor  would  naturally , reasoning  from  the  result  of 

Run  #l,aean  a  still  lower  iron  loss.   We  have  as  it 

were  considered  only  a  vertical  ratio  in  dealing  with 

the  form  factor.   The  wave  of  applied  Z.M.F.  in  RUK  ^'-1 

is  nearly  symmetrical  with  a  vortical  line  drav/n  through 

the  poimt  on  the  X-axis  equal  to  .   In  Run  -"^2  the 

4 
wave  of  applied  E.il.F.  is  not  symmetrical  with  a  line 

drawn  through  the  point  on  the  X-axis  egual  to  . 

In  Hun  'ro   the  v;ave  is  a  flat  one  nearly  symmetrical 

about  a  vertical  line  drawn  through  -^.   So  we  may 

4 
expect  it  to  follow  the  way  of  '^1.   A  form  factor  less 

than  a  sine  wave  is  found, so  a  large  iron  loss  is  ex- 
pected.  The  results  agree. 

Run  f4  has  an  L.i.i.F.  wave  shape  kindred  to  the 


■i :    ■:■'  wr  J. 


(14) 

oscillating  wave.   That  is:  its  positive  and  negative 
lobes  are  not  of  the  sams  value  as  regards  form  factor 
frequency, or  effective  value. 

it  would  soon  however,  that  on  the  v/holo  that  the 
form  of  wave  shovm  in  Run  -^5  although  of  small  Iron 
loss, docs  not  present  any  advantage, the  large  pulsation 
of  effective  value, from  a  raaximura  positive  to  a  mini- 
mun  negative, causing  a  decided  flicker  of  the  lights 
which  is  still  further  augmented  by  the  periodic  change 
of  frequency,   as  for  power  use  this  periodic  ch.onge  of 
frequency  would  cause  the  motors  on  the  line  to  hunt. 
This  is  emphasized  by  the  pounding  effect  of  the  small 
synchronous  motor  used  to  drive  the  oscillograph  shutter, 

CONCLUSIONS. 

For  waves  that  are  symmetrical  about  a  line  drawn 

through  the  ooint  on  the  X-axis  -^,  the  iron  loss  var- 

4 

ies  inversely  v/ith  the  form  factor  of  the  wave.   For 

waves  that  are  badly  non-symmetrical  with  a  line  drawn 

through  the  point  -^,the  iron  loss  varies  directly 

4 
with  the  form  factor  of  the  applied  wave.   In  defining 

a  wave  by  means  of  the  form  factor, when  referring  to 

iron  los:-  ,  it  is  therefore  necessary  to  say  whether  it 

is  symmetrical  about  a  vertical  axis  through  DOint  -Q-, 

4 
or  not  and  the  degree  of  non-symmetricallity. 

in   referring  to  the  oscillatory  class  other  being 


..  .  JSC 

'V:tfC  I 


(1?) 

things   being  constant, the    iron  loss   varies    inversely 

with   the   constant  A^    in   the   general   equation, 

e   =  A-i-  ^1,  sin  e+Ar^sin  Ce  +  A-^sin   T^d +  A   sin  r\°i 

>-'        J  c-  o  n 

+  B,  cos   e  +  B,.cos    26  +  B„cos    36 tB  cos    ne  . , 

1        ^         v.^  n 

for  oscillatory  periodic  waves. 


-^K 


-<. 


-^Jny 


